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ABSTRACT: X-ray Active Matrix Pixel Sensors (XAMPS) were designed and fabricated at Brook-
haven National Laboratory. Devices based on J-FET technology were produced on 100 mm high-
resistivity silicon, typically 400 µm-thick. The prototypes are square matrices with n rows and n
columns with n=16, 32, 64, 128, 256, 512. Each pixel of the matrix is 90×90 µm2 and contains a
JFET switch to control the charge readout. The XAMPS is a position sensitive ionization detector
made on high resistivity silicon. It consists of a pixel array detector with integrated switches. Pixels
are isolated from each other by a potential barrier and the device is fully depleted by applying a
high voltage bias to the junction on the entrance window of the sensor. The small features of the
design presented some technological challenges fully addressed during this production. The first
prototypes were tested at the National Synchrotron Light Source (NSLS) with a monochromatic
beam of 8 keV and millisecond readout and exhibit good performances at room temperature.
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1 Introduction
A new generation of X-ray Active Matrix Pixel Sensors (XAMPS) has been developed at Brook-
haven National Laboratory (BNL). XAMPS were first conceived [1, 2] for protein crystallography
optimized for this range of energy of interest, typically between 8 and 12 keV, as monolithic de-
vice with direct photon conversion, full fill factor, fast readout suitable for the new generation
of synchrotrons, single photon sensitivity, a good combination of pixel size and overall area, and
tolerance to radiation.
The new design was specifically developed for the X-ray Pump Probe (XPP) instrument at
the Linac Coherent Light Source (LCLS) in Stanford (CA). This X-ray free electron laser will
soon provide extremely bright and ultrashort coherent laser-like X-ray pulses in the energy range
between 800 eV and 8 keV as short as ∼ 100 fs and with a repetition rate of 120 Hz.
The ultra-short pulses characteristic of the source will enable dynamic studies of matter on
the atomic scale, resolving the ultra-fast motions of atoms during chemical reactions and studying
stimulated changes in the structures of molecules and condensed matter systems. For instance,
the XPP instrument with ultra-short (100 fs at 120 Hz) LCLS pulses will be used to probe the
transient state of matter excited by a fast optical laser [3]. Depending on the experiment, X-ray
absorption and emission or X-ray scattering will be recorded, requiring a 2D integrating detector
of 1024× 1024 pixels. In particular, the detector for this instrument has to provide millisecond
readout, input dynamic range on the order of 104 photons of 8 keV, and a resolution of half a
photon FWHM. To reach the full well requirement a large pixel capacitance is necessary, making
the achievement of low noise performance more challenging.
The first prototypes of the dedicated detector based on XAMPS and currently under develop-
ment at BNL have been fabricated and tested. Preliminary results will be reported in this paper.
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Figure 1. Schematic of a single pixel.
2 X-ray Active Matrix Pixel Sensors
2.1 X-ray Active Matrix Pixel Sensors
The XAMPS is a position sensitive ionization detector made on high resistivity n-type silicon [1, 2].
It consists of a pixel array detector with integrated JFET switches and pixels isolated from each
other by a potential barrier (figure 1). The device is fully depleted of majority carriers (electrons)
by applying a high voltage negative bias to the junction on the entrance window of the sensor. In
the fully depleted detector all silicon is active and all electrons produced by photon conversions are
delivered to the pixels (fill factor equals one).
When the photon is absorbed, the generated electron charge drifts to the exit side of the device
preserving the position information of the conversion point and is stored on a capacitor which
occupies most of the pixel area. The switches are opened during this phase (data accumulation)
and then selectively closed (data readout phase) to allow the charge to flow to the drain, connected
to readout lines. Potential due to the fully ionized charges of a deep boron implant right below the
transistor prevents any charge from flowing directly from the bulk to the drain.
Pixels are arranged in a matrix fashion. The drains of the switches associated to the pixels in
a column are connected to the same readout line, while the gates of those associated to the pixels
in a row are activated simultaneously. This scheme allows a parallel readout of all the pixels in the
same row. Cycling through the rows a full frame can be read out.
The actual design allows for tiling the sensors to form bigger area detectors and since the
readout electronics are wired bonded at the side of the sensor and the ring JFET integrated in the
pixel is intrinsically radiation hard [4], the detector is well-suited for high radiation environments.
2.2 Sensors fabrication
The first prototypes were fabricated at the Semiconductor Detector Development and Process-
ing Lab (SDDPL) in Brookhaven’s Instrumentation Division. The devices were implemented on
100 mm, n-type < 111 > silicon substrates with a thickness of 400 µm and a resistivity of greater
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Figure 2. Detail of a pixel: storage capacitor, gate and drain of the ring J-FET are visible with the pixels
separator in the first metal. The second metal layer shows part of a readout line (vertical line), switching
line (two horizontal lines connected through vias to the gate), and planes connecting the capacitors where
the charges are stored. The metal interlayer is a polyimide film.
than 4 kΩ·cm. The full process required 12 masks and 16 lithographic steps. The prototypes are
square matrices with n rows and n columns with n=16, 32, 64, 128, 256, 512. Each pixel of the
matrix is 90×90 µm2 and contains a JFET switch to control the charge readout. The channel of the
JFET is formed by a deep n-implant, while standard n+ and p+ implants constitute drain/floating-
source and gate respectively. The pixels are separated by a combination of p+/p-deep implants and,
as mentioned above, a deep p-implant under the drain prevents the charges from drifting directly
toward the drain. The junction is formed on the back side by a typical p+ implant. Details of a
pixel are shown in figure 2.
A few key technological steps were implemented to address the problems encountered during
the production of previous XAMPS. The main issue was achieving good contact through small
features and small diameter vias in the oxide layers, that is the contact between silicon and the first
metallization layer (Al/Si contact) and the contact between the two metallization layers (1st Al/2nd
Al). As previously reported [5], the use of dry etching techniques helped to improve the litho-
graphic resolution needed to implement the smaller features of this new version in which the pixel
size is half the size of the previous one (90 µm vs 180 µm). In addition, the back-sputtering, per-
formed immediately prior to metalization, in the same machine used for the sputtering of the metal
contact, ensured that any native oxide regrowth is removed from the silicon-aluminum interface.
As the continuity of the switching lines is achieved through vias in the dielectric interlayer,
that is polyimide, it is important to maintain a low contact resistance to avoid any significant de-
lays along the lines. Employing dry etching for opening these vias, typical resistances measured
for the 128× 128 pixels, 256× 256 pixels and 512× 512 pixels matrices are 90, 180 and 330 Ω
respectively.
Currently under investigation is the implementation of a final insulating passivation layer on
the surface of the device, and changing the dielectric interlayer between the two metals from poly-
imide to SiO2.
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Figure 3. Simplified block diagram of the 64-channels ASIC.
Figure 4. FEXAMPS layout and picture of the die.
2.3 Readout ASIC
A simplified block diagram of the readout ASIC [6] is shown in figure 3, we call it Front End
XAMPS (FEXAMPS). It provides 64 front-end channels, each with a low-noise charge amplifier
and optimized time-variant filter. The 64 channels are arranged in 4 groups of 16; each one con-
nected to its own analog and digital multiplexers and dedicated outputs. To speed up the readout,
the 4 blocks are read out in parallel with the acquisition controlled by a single periodic signal syn-
chronized to the LCLS beam trigger. The first prototype of the ASICs were fabricated in TSMC
CMOS 0.25 µm technology. The die is 6 mm× 3.45 mm with a power dissipation of 3 mW/ch
(figure 4).
To meet the required resolution over the entire dynamic range of 3.5 pC (corresponding to
104photons of 8 keV) a zero balance method is applied (figure 5): the dynamic range is divided
in N ranges each one corresponding to a charge Qp=Qmax/N. When a charge larger than Qp is
presented to the input of the pre-amplifier the charge pump is activated to remove a fixed amount
of charge equal to Qp, until a residual smaller than Qp remains stored in the feedback capacitor C f .
The number of charge quanta Qp removed by the pump are counted and the corresponding digital
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Figure 5. Charge pump principle of operation.
Figure 6. Block diagram of the detector system.
value is presented at the output representing the most significant bits of the final A/D conversion (3
bits for N=8).
The residual charge in the feedback capacitor is then sampled according to a correlated double
samplers (CDS) scheme, presented at the output and converted with a 14 bit ADC (total of 14 + 3
= 17 bits).
2.4 Detector readout system
The detector readout system is comprised of a sensor array, transfer gate control, front end ASIC,
14 bit ADC and FPGA control system (figure 6).
As described above, the pixels in the sensor are arranged in a matrix fashion: the drains of the
JFETs associated to the pixels in a column are connected to the same readout line and the gates
of those associated to the pixels in a row are connected to the same switching line. The charge is
stored in the pixel capacitance during the integration time and all the pixels in the same row are
readout in parallel. The reading time per row is on the order of a few microseconds and a full
frame of 1024 rows is read out within a few milliseconds (as needed for the repetition rate of the
LCLS beam). More stringent time constraints are imposed in the case of multiple frames readout
per pulse, which is desirable to perform more sophisticated corrections.
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a) b)
Figure 7. a) Images of 64×64 pixels in the case of beam off (left hand side) and beam on (right hand side).
b) Histograms corresponding to the illuminated area shown in the maps on the left.
Each column of the sensor is read out by its dedicated electronics channel for a total of 16
ASICs of 64 channels each.
Discrete external 14 bit commercial ADCs are used to convert the output analog signals and
are connected via an LVDS interface to an FPGA that controls the acquisition and maintains the
synchronization between the LCLS beam and the selection of the rows to be read out.
The data acquisition system fabricated for testing the prototype detector is comprised of a test
board with a 64×64 XAMPS, a 64 channel FEXAMPS ASIC, a 4 channel, 14 bit and 20 Msample/s
ADC. It is connected to a FPGA prototyping board (Xilinx ML505 Virtex-5) readout through a
Labview VI using 1 Gb ethernet.
3 Test results
3.1 XAMPS-FEXAMPS prototypes
Low dark current, 3.5 nA/cm2 at the −110 V required to deplete the sensor, allows all the experi-
ments to be performed at room temperature.
The first prototype, comprising a 64× 64 pixels matrix and its dedicated readout ASIC, was
tested with an X-ray tube at the Cu K-α edge ( ∼ 8 keV) and a small aperture, ∼ 1 mm×3 mm.
Images taken from the detector with beam on and off, together with the histograms of the illumi-
nated area are shown in figure 7. An integration time of 8 ms was used to acquire the images and
the dark frame background was subtracted. Some preliminary tests were performed and the results
are reported in another paper [6]. Further testing is underway, together with the improvement of
the readout system.
3.2 Tests of small sensors
To characterize the sensor, two other data acquisition systems using smaller matrices, 16× 16 and
32× 32, have been assembled. For evaluating the 16× 16 array discrete hybrid pre-amplifiers were
used, while a low noise 32 channel ASIC was used for the 32× 32 array [7].
The 16× 16 sensor test system covers the high end of the dynamic range, thus it was used to
investigate linearity and value of the signal charge at saturation. The measurements were taken with
an X-ray tube at the Cu K-α (∼ 8 keV) and a 25 µm slit. Several frames at different integration
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Figure 8. Number of photons as function of the integration time at the Cu K-α .
a) b)
Figure 9. Detail of the lead mask. b) X-ray transmission image at 8 keV with flood irradiation, background
subtraction and 8 ms integration time.
times were acquired and corrected by dark frame background subtraction. By measuring the charge
in a single pixel for several integration times saturation at accumulated charge greater than 7000
photons of ∼ 8 keV (∼ 2.4 pC) was demonstrated (figure 8).
The tests performed with the 32× 32 array aimed to investigate resolution (point spread func-
tion) and charge sharing. The measurements were carried out at the X12A beamline (NSLS) with
a monochromatic beam of 8 keV.
Figure 9 shows a X-ray transmission image through a lead mask (∼ 20 µm-thick) with a beam
of ∼ 1 mm× 3 mm. Under standard operating conditions (∼ 8 ms integration time) a resolution of
one pixel can be observed, which is to be expected for this type of sensor.
To study the charge sharing between pixels the beam was resized to ∼ 30× 30 µm2, by a four
jaw slit, and the sensor was raster scanned, at the same energy and integration time, with 10 µm-
step. The results for a 1D cross section are shown in figure 10. In figure 11, images corresponding
to different beam positions during the scan are shown. The histograms at the bottom and right hand
side of the images show the charge sharing for each case.
3.3 Protein crystallography experiment
The above described system with the 32×32 array was used for a protein crystallography experi-
ment at the X6A beamline (NSLS) [8]. The goal of this experiment was to show the potential of the
XAMPS for acquiring phi-sliced crystallographic data at high speed in continuous sample rotation
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Figure 11. Images corresponding to different beam positions. From top to bottom: a) beam on single
pixel, b) beam between two horizontal adjacent pixel, c) beam between two vertical adjacent pixels, d) beam
between four adjacent pixels. The histograms at the bottom and right hand side of the images show the
charge sharing for each case.
mode without a shutter. In this mode, the crystal is continuously rotated in the beam by a fraction
of its mosaic spread while the frames are acquired, in this case, with a time as fast as 8 ms dur-
ing a shutterless acquisition mode. A similar experiment is very time consuming with a standard
CCD detector, due to the much longer readout time and cannot be performed without opening and
closing the shutter for each frame.
Data on a sample of Thaumatin (∼ 250 µm) were collected with a monochromatic beam of
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Figure 12. Image and histograms corresponding to a reflection of a sample of thaumatin at 12.2 keV with a
beam size at the sample of 200×200 µm2. The rotation speed was 0.5◦/ s and data integration time 32 ms.
The area of the image is composed by 25×32 pixels of 90×90 µm2.
12.2 keV and a beam size at the sample of 200×200 µm2. The rotation speed was 0.5◦/ s and data
at integration times of 8, 16, 32 and 64 ms were collected. A single frame is shown in figure 12:
the area of the image is composed of 25×32 pixels of 90×90 µm2.
4 Conclusions
Prototypes of a new generation of XAMPS to be used in the XPP instrument at LCLS have been
designed and fabricated. This sensor is fully efficient at the energies of interest with ∼ 100% fill
factor and together with its dedicated readout ASIC (FEXAMPS) provides a low noise detector
with millisecond readout and a dynamic range of about 104photons per pixel per frame, fulfilling
the requirements of the XPP instrument and making a good candidate for application in protein
crystallography. Tests performed to characterize the sensor have shown single pixel resolution,
good dark frame uniformity and a full well greater than 7000 photons at 8 kV. Most of the tests were
carried out with non-optimized data acquisition systems. The first results on the actual prototypes
mounting sensor and dedicated ASIC are promising and more systematic and detailed tests are
ongoing. An experiment for acquiring crystallographic data at high speed in continuous sample
rotation mode has been shown.
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